Introduction
============

Epithelial ovarian cancer (EOC) is the leading cause of death among all gynecological malignancies.[@b1-ott-10-1317] Most patients were diagnosed at the advanced stages of the disease (International Federation of Gynecology and Obstetrics \[FIGO\] stage III/IV) due to the lack of significant signs or symptoms in early stages.[@b2-ott-10-1317] The primary management of such entity remains cytoreductive surgery accompanied with platinum-based cytotoxic chemotherapy. Despite advances in treatment during the last few decades, the prognosis of women with EOC has not substantially improved since most patients suffer from distant metastasis ultimately.[@b3-ott-10-1317]

Epithelial--mesenchymal transition (EMT) is a cell-biology program, which was originally defined as the formation of mesenchymal cells from the epithelia during embryonic development.[@b4-ott-10-1317] It is a physiological phenotypic transition by which epithelial cells shed intercellular connections and migrate to other locations in the body.[@b5-ott-10-1317] It is generally characterized with the downregulation of epithelial markers, including E-cadherin and keratin, as well as the upregulation of mesenchymal markers, including N-cadherin and vimentin. Aside from its crucial role in the formation of multiple tissues and organs, it can also actively promote carcinoma progression.[@b6-ott-10-1317] EMT has been shown to confer several cellular traits to neoplastic cells by which they acquire abilities to invade, disseminate and subsequently form distant metastatic colonies.[@b7-ott-10-1317] The EMT program in cancer cells seems to be induced by various signals from the nearby microenvironment. Compelling evidence suggested that signaling pathways, such as TGF-β pathway, Notch pathway, Wnt pathway and other pathways, could trigger the activation of EMT by inducing the expression of EMT-inducing transcription factors (EMT-TFs).[@b8-ott-10-1317]

Three Wnt pathways have been characterized, including the canonical Wnt/β-catenin signaling pathway, the non-canonical planar cell polarity (Wnt/PCP) pathway and the Wnt/Ca^2+^ pathway.[@b9-ott-10-1317] The dysregulation of these pathways, especially the canonical one, participates in the development of many cancers, including lung cancer and colon cancer.[@b10-ott-10-1317]--[@b12-ott-10-1317] As a pivotal molecule in the canonical Wnt signaling pathway, β-catenin is primarily degraded by ubiquitination mediated by GSK-3β, whose kinase activity is inhibited by Ser9 phosphorylation.[@b13-ott-10-1317] The activation of the Wnt/β-catenin pathway will cause a cascade of events, including the β-catenin destruction complex degradation, β-catenin accumulation and nuclear translocation, activation of downstream target genes (such as *Axin2* and *CCND1*), as well as the expression of EMT-TFs (such as Slug and Snail).[@b14-ott-10-1317]

Salinomycin, a monocarboxylic polyether antibiotic, was originally used to eradicate bacteria, fungi and parasites in poultry. Gupta et al[@b15-ott-10-1317] employed a novel method to identify agents that could target breast cancer stem cells (CSCs) from ∼16,000 compounds. It was shown that salinomycin could kill breast CSCs more effectively than the conventional antitumor drug paclitaxel. The abilities of salinomycin to eradicate CSCs, influence the EMT and suppress the invasion capacity in several types of tumors have been proven in recent years.[@b16-ott-10-1317]--[@b18-ott-10-1317] However, the effects of salinomycin on EOC cells are unclear. The main purpose of this study was to investigate its effects on EMT in EOC cells and clarify the underlying mechanism.

Materials and methods
=====================

Cell lines and culture conditions
---------------------------------

The human EOC cell lines, A2780 and SK-OV-3, were purchased from the Cell Bank of the Chinese Academy of Sciences in Shanghai, China. The A2780 cells were cultured in Roswell Park Memorial Institute-1640 medium supplemented with 10% fetal bovine serum, 2.0 g/L NaHCO~3~, 100 U/mL penicillin and 100 μg/mL streptomycin. The SK-OV-3 cells were cultured in McCoy's 5a medium supplemented with 10% fetal bovine serum, 2.2 g/L NaHCO~3~, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were cultured at 37°C in 5% CO~2~ and 95% air.

Drugs and antibodies
--------------------

Salinomycin and GSK-3β inhibitor (SB216763) were purchased from Sigma Aldrich (St Louis, MO, USA). Respective stock solutions (400 μM and 50 nM) were prepared with dimethyl sulfoxide (DMSO) and stored at −20°C. The working concentration was diluted in the corresponding medium, and the DMSO's final concentration was under 0.1% (v/v). Control groups were treated with an equal volume of DMSO. The antibodies E-cadherin, N-cadherin, vimentin, keratin, GSK-3β, β-catenin and GAPDH (Cell Signaling Technology, MA, USA), phosphorylated GSK-3β-ser9 (p-GSK-3β-ser9; Santa Cruz Biotechnology, TX, USA) and Slug (Abcam, Cambridge, UK) were used for Western blot assay. The antibody β-catenin (Santa Cruz) was used for immunofluorescence assay.

Cell viability assay
--------------------

The A2780 and SK-OV-3 cells were plated in a 96-well plate at a concentration of 3,500 cells/well and 2,500 cells/well, respectively. Cells were incubated overnight to adhere. Then, the medium was replaced with fresh medium, and salinomycin was added into the medium at a range of doses (0, 2, 4, 8 and 16 μM). After incubating for 24, 48, 72 h, cell viability was measured by CCK-8 (Dojindo, Kumamoto, Japan). A total of 10 μL CCK-8 solution was added into each well, and the absorbance was read at 490 nm using a microplate reader after incubating for 2 h.

Migration and invasion assay
----------------------------

The migration and invasion assays were performed with 24-well Boyden chambers (8 μm pore size; Corning Costar, Cambridge, MA, USA). For the invasion assay, the chambers were precoated with Matrigel (100 μL, 1:6 dilution in serum free medium; BD Biosciences, San Jose, CA, USA). After treatment with salinomycin for 48 h, A2780 cells and SK-OV-3 cells were digested and suspended in the serum-free medium. Then, 3×10^4^ SK-OV-3 cells or 8×10^4^ A2780 cells were plated into the upper chamber, and medium with 10% serum was added into the lower chamber as a chemoattractant. After incubating for 24 h, noninvading cells were removed. The cells that invaded to the lower surface of chambers were fixed in 3.7% methanol for 5 min and stained with Giemsa for 30 min. The stained cells were photographed using the Olympus IX51 inverted microscope and counted in five individual fields. For the migration assay, the procedures were the same except that the chambers were not precoated with Matrigel.

Western blot assay
------------------

Following treatment with different drugs for respective concentration and time, cell lysate was prepared in radioimmunoprecipitation assay lysis buffer (Beyotime, Jiangsu, China) with 1% phenylmethanesulfonyl fluoride (Thermo Fisher Scientific Inc., Waltham, MA, USA). The proteins were then separated on a 10% polyacrylamide gel and transferred to a pure nitrocellulose blotting membrane. The membranes were blocked with 5% nonfat milk for 1 h and incubated with the appropriate primary antibodies (anti-E-cadherin, anti-N-cadherin, anti-vimentin, anti-keratin, anti-GSK-3β, anti-p-GSK-3β-ser9, anti-β-catenin, anti-Slug and anti-GAPDH) overnight at 4°C. Then, the membranes were washed and incubated with the respective secondary antibodies. The bands were detected using chemiluminescent substrate (Thermo Fisher Scientific Inc.) and quantified by ImageJ software. The GAPDH band served as control.

Quantitative real-time reverse transcription polymerase chain reaction (real-time RT-PCR)
-----------------------------------------------------------------------------------------

The total RNA of cells cultured with drugs for 24 h was extracted, and the concentration was detected using Nanophotometer Pearl (Implen Company, München, Germany). Then, the RNA (500 ng/10 μL reaction system) was transcripted into cDNA using reverse transcription kit (Takara, Shiga, Japan). PCR reaction was performed on Roche LightCyclerR480 with SYBR-green (Toyobo, Osaka, Japan) in a 10 μL reaction system, and GAPDH was used as the control. Primers used in this study are listed in [Table 1](#t1-ott-10-1317){ref-type="table"}.

Immunofluorescence assay
------------------------

A2780 and SK-OV-3 cells were plated in 24-well plates and incubated overnight to adhere. Cells cultured with DMSO vehicle or salinomycin were fixed with cold methyl alcohol for 15 min and then permeabilized in 0.5% Triton X-100 (Solarbio, Beijing, China) for 10 min. After blocking with 5% bovine serum albumin (BSA) for 30 min at room temperature, EOC cells were incubated with primary antibody (anti-β-catenin) at 4°C overnight. After washing with phosphate buffer saline three times, the cells were incubated with anti-rabbit secondary antibody (GeneCopoeia, CA, USA) at 37°C for 1 h. Then, cells were washed and incubated with 4′,6-Diamidino-2-phenylindole dihydrochloride (Solarbio, Beijing, China) for 3 min at room temperature for nuclear staining. Imaging was performed using the Olympus IX51 inverted microscope.

Statistical analysis
--------------------

All the experiments were performed at least in triplicate. The data were analyzed with Student's *t*-test and expressed as mean ± standard deviation (SD). Statistical significance was defined as *P*\<0.05. All the statistical analyses were performed using GraphPad Prism Version 5.01.

Results
=======

Salinomycin inhibited the proliferation of human EOC cells
----------------------------------------------------------

To test the effect of salinomycin on the proliferation of human EOC cells, we treated the ovarian cell lines, A2780 and SK-OV-3 cells, with a range of doses of salinomycin (0, 2, 4, 8 and 16 μM) for 24, 48 and 72 h. We found that salinomycin significantly inhibited the proliferation of A2780 cells in a dose- and time-dependent manner ([Figure 1A](#f1-ott-10-1317){ref-type="fig"}, half maximal inhibitory concentration \[IC50\]~24h~: 13.8 μM, IC50~48h~: 6.888 μM and IC50~72h~: 4.382 μM). Similar results were also found in the SK-OV-3 cell lines (IC50~24h~: 12.7 μM, IC50~48h~: 9.869 μM and IC50~72h~: 5.022 μM), as shown in [Figure 1B](#f1-ott-10-1317){ref-type="fig"}.

Salinomycin inhibited the capacity of migration and invasion of ovarian cancer cells
------------------------------------------------------------------------------------

The effect of salinomycin on the invasion capacity of A2780 and SK-OV-3 cells was measured with Boyden chambers coated with Matrigel after treatment with respective concentrations of salinomycin for 48 h. We found that the number of cells invading through the membrane was significantly decreased compared with the control group ([Figure 2A and C](#f2-ott-10-1317){ref-type="fig"}). Then, we used the Boyden chambers without Matrigel to detect the effect of salinomycin on the cell migration capacity. As we supposed, the migration ability was also decreased after salinomycin treatment ([Figure 2B and D](#f2-ott-10-1317){ref-type="fig"}). All these results suggested that salinomycin could effectively inhibit the migration and invasion abilities of EOC cells.

Salinomycin altered the expression of EMT markers of EOC cells
--------------------------------------------------------------

It has been demonstrated that EMT could increase the migration and invasion abilities in most cancers. Therefore, we examined the EMT-associated markers (E-cadherin, keratin, N-cadherin and vimentin) to evaluate whether salinomycin could affect EMT in ovarian cancer cells. The epithelial markers (E-cadherin and keratin) were upregulated after the treatment with salinomycin for 48 h in both A2780 and SK-OV-3 cells. Meanwhile, the mesenchymal markers (N-cadherin and vimentin) were downregulated ([Figure 3A--D](#f3-ott-10-1317){ref-type="fig"}). Then, we examined the expression of corresponding mRNA by RT-PCR, and similar results were obtained, which verified that salinomycin could induce the expression of epithelial markers and inhibit the expression of mesenchymal ones ([Figure 3E and F](#f3-ott-10-1317){ref-type="fig"}).

Salinomycin inhibited the Wnt/β-catenin pathway in EOC cells
------------------------------------------------------------

To examine the effect of salinomycin on the Wnt/β-catenin pathway, the expression of downstream effectors of the pathway, the p-GSK-3β-ser9 (the inactivated GSK-3β), β-catenin and Slug in EOC cells treated with salinomycin was assessed. As the Western blot results showed, decreased expression of the three effectors was observed in both A2780 and SK-OV-3 cells ([Figure 4A and B](#f4-ott-10-1317){ref-type="fig"}). In addition, the mRNA expression levels of Wnt target genes, such as *Axin2* and *CCND1*, were detected by RT-PCR. Consistent with our expectation, the expression of these two genes was decreased following salinomycin treatment in both A2780 and SK-OV-3 cells ([Figure 4C and D](#f4-ott-10-1317){ref-type="fig"}). Using the immunofluorescence assay, we found that β-catenin was preferentially accumulated in the cytoplasm in the salinomycin-treated group compared with the control group ([Figure 4E and F](#f4-ott-10-1317){ref-type="fig"}). GSK-3β is known as a key negative regulator of canonical Wnt/β-catenin signaling. To further certify that salinomycin could inhibit the Wnt/β-catenin pathway, we investigated whether salinomycin could reverse the activation of the Wnt pathway induced by the GSK-3β inhibitor (SB216763). After being incubated with SB216763 for 6 h, the EOC cells were treated with respective doses of salinomycin. As we expected, the p-GSK-3β-ser9, β-catenin and Slug were all downregulated compared to the group incubated with SB216763, indicating that salinomycin could reverse the activation of the pathway by SB216763 ([Figure 4G and H](#f4-ott-10-1317){ref-type="fig"}). Taken together, our findings indicated that salinomycin could block the Wnt/β-catenin pathway in EOC cells.

Discussion
==========

Ovarian cancer is the most lethal disease in gynecological cancers. The main reason is that most patients are diagnosed in advanced stage presenting with ascitic fluid and distant metastasis. Even with modern management, the rate of relapse and metastasis is still high.[@b1-ott-10-1317] Metastasis is a complicated process, beginning with cancer cells invading locally through surrounding extracellular matrix and stromal cell layers.[@b19-ott-10-1317] There has been an increasing awareness that the EMT program gives rise to the dissemination of carcinoma cells from primary epithelial tumors. Passing through EMT, the carcinoma cells acquire several cell biological traits that are needed to generate macroscopic metastases.[@b20-ott-10-1317] These cells shed their epithelial phenotypes, including intercellular adhesion and polarity, and obtain the mesenchymal traits, such as invasiveness and motility.[@b7-ott-10-1317] Considering the key role that the EMT program plays in steps of the invasion-metastasis cascade in various cancer cells, inhibition of EMT may be an attractive cancer therapy that could improve the outcome of malignant diseases.

In a recent study, Gupta et al[@b15-ott-10-1317] searched for chemicals that could eradicate CSCs in breast cancer cell lines. Among the 16,000 compounds tested, salinomycin was identified as the most selective inhibitor for breast CSCs. However, the mechanisms accounting for the specific toxicity of salinomycin to breast CSCs remain unclear. Mani et al[@b21-ott-10-1317] demonstrated that EMT may account for the formation of CSCs, which provided an interpretation of the relation between EMT and CSCs. These findings suggested that EMT may be a vital pathway through which salinomycin could affect CSCs.[@b22-ott-10-1317] Subsequent publications demonstrated that salinomycin could repress the abilities of proliferation, invasion and EMT in several cancer cells.[@b16-ott-10-1317]--[@b18-ott-10-1317],[@b22-ott-10-1317]--[@b24-ott-10-1317] Our study found that salinomycin could also suppress the invasion and migration ability of EOC cells. Our study then demonstrated that salinomycin could suppress the EMT program of EOC cells, which may account for its inhibitory effects on the invasion and migration of EOC cells.

Then, we detected the candidate pathway by which salinomycin could affect the EMT of EOC cells. The canonical Wnt pathway plays an important role in the initiation and progression of tumors,[@b10-ott-10-1317],[@b12-ott-10-1317],[@b25-ott-10-1317],[@b26-ott-10-1317] and its dysregulation leads to the induction of EMT and enhancement of invasion ability.[@b11-ott-10-1317],[@b26-ott-10-1317]--[@b28-ott-10-1317] The Wnt/β-catenin signaling pathway has recently emerged as a critical player in the progression of EOC cells.[@b14-ott-10-1317] Rask et al[@b29-ott-10-1317] found that there was a significant increase in the expression of GSK-3β and β-catenin in ovarian adenocarcinomas compared with normal ovarian tissue and benign adenomas. Ford et al[@b30-ott-10-1317] confirmed that the Wnt gatekeeper could modulate EMT and migration capacity in serous ovarian cancer cells. Our results demonstrated that salinomycin could block the Wnt/β-catenin signaling in EOC cells, as indicated by suppression of the Wnt pathway components, repression of β-catenin translocating to nucleus and the reversion of the aberrant Wnt signaling activation induced by SB216763. Furthermore, salinomycin was found to target LRP6, an essential Wnt coreceptor for Wnt/β-catenin signaling, and the inhibition of LRP6 led to the inhibition of Wnt/β-catenin signaling, suggesting a mechanism as to how salinomycin inhibited the canonical Wnt signaling pathway.[@b31-ott-10-1317],[@b32-ott-10-1317] Signaling pathways manipulating the EMT program seem more likely to depend on modulating the expression of EMT-TFs, which directly bind to and repress the activity of the E-cadherin promoter.[@b7-ott-10-1317] Slug, also known as Snail2, is one of the EMT-TFs.[@b20-ott-10-1317] Its positive role in the EMT is well understood, and its elevated expression has been documented in many invasive tumors.[@b33-ott-10-1317]--[@b35-ott-10-1317] Owing to the relationship between β-catenin and Slug recently found in modulating the EMT program in cells,[@b36-ott-10-1317],[@b37-ott-10-1317] the canonical Wnt signaling could positively affect Slug expression via increasing β-catenin levels and in turn activate the EMT program. The inhibitive effect of salinomycin on EMT in EOC cells may be achieved by the suppression of Slug, which was mediated by the complicated interaction between salinomycin and the canonical Wnt pathway.

*CCND1* and *Axin2* are well known as target genes of the Wnt/β-catenin pathway, especially *Axin2*, which has been reported to indicate the Wnt pathway activity.[@b14-ott-10-1317],[@b38-ott-10-1317],[@b39-ott-10-1317] The expressions of these two genes could reflect the status of the β-catenin-dependent Wnt pathway. In a recent study, elevated expression of *Axin2* was reported in all patients with serous ovarian cancer,[@b40-ott-10-1317] suggesting that aberrant Wnt signaling may be more widespread in EOC than previously thought. Besides, Wu et al[@b12-ott-10-1317] have certified that overexpression of *Axin2* could stimulate invasion of colon cancer cells. Ford et al[@b30-ott-10-1317] supported the link between *Axin2* and EMT in EOC cells. In our study, the downregulation of *Axin2* was detected in consistent with suppression of EMT, indicating the role of Wnt/β-catenin signaling in the inhibitive effect of salinomycin on EMT.

All these findings suggested that the inhibitory effect of salinomycin on the EMT of EOC cells may be mediated by suppression of the canonical Wnt pathway. Consistent with our results, recent findings indicated that the Wnt/β-catenin pathway might be a way by which salinomycin could suppress the EMT program in hepatic cancer cells.[@b22-ott-10-1317],[@b24-ott-10-1317]

Conclusion
==========

Our studies verified that salinomycin could suppress the proliferation, invasion and migration capacity of EOC cells, and the latter two kinds of effects might be mediated by repressing the EMT program. In addition, our studies also found that the aberrant activation of Wnt/β-catenin pathway did contribute to EMT in EOC cells and proved again that salinomycin could suppress this pathway, providing insight into a possible mechanism whereby salinomycin could affect EMT in EOC cells. These results suggest that salinomycin might be considered as a promising metastasis-targeted therapy in EOC cells.

This study was supported by grants from the National Natural Science Foundation of China (81302268).

**Disclosure**

The authors report no conflicts of interest in this work.

![Salinomycin repressed the proliferation of EOC cells.\
**Notes:** (**A** and **B**) Salinomycin repressed the proliferation of A2780 and SK-OV-3 cells in a dose- and time-dependent manner. The bars indicate mean ± SD.\
**Abbreviations:** EOC, epithelial ovarian cancer; SD, standard deviation.](ott-10-1317Fig1){#f1-ott-10-1317}

![Salinomycin repressed the invasion and migration abilities of EOC cells.\
**Notes:** (**A** and **B**) Images of A2780 and SK-OV-3 cells invading or migrating through the collagen membrane (×20 magnification). (**C** and **D**) Quantification of A2780 and SK-OV-3 cells invading or migrating through the collagen membrane. The analysis was normalized with the control group. The bars indicate mean ± SD. The significance of the difference was assessed by Student's *t*-test. ^\#^*P*≤0.001.\
**Abbreviations:** EOC, epithelial ovarian cancer; Ctr, control; Sal, salinomycin; SD, standard deviation.](ott-10-1317Fig2){#f2-ott-10-1317}

![Salinomycin repressed the EMT program in EOC cells.\
**Notes:** (**A** and **B**) Markers associated with EMT in A2780 and SK-OV-3 cells, respectively. (**C** and **D**) Semiquantification of Western blot bands is shown in **A** and **B**, respectively. The analysis was normalized with GAPDH. (**E** and **F**) RT-PCR analysis of E-cadherin and vimentin mRNA expression in A2780 and SK-OV-3 cells, respectively. GAPDH mRNA was used to normalize the variability. The bars indicate mean ± SD. The significance of the difference was assessed by Student's *t*-test. ^\*^*P*≤0.05, ^&^*P*≤0.01 and ^\#^*P*≤0.001.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; EOC, epithelial ovarian cancer; RT-PCR, reverse transcription polymerase chain reaction; Ctr, control; SD, standard deviation.](ott-10-1317Fig3){#f3-ott-10-1317}

![Salinomycin blocked the Wnt/β-catenin pathway in EOC cells.\
**Notes:** (**A** and **B**) Markers associated with the Wnt/β-catenin pathway in A2780 and SK-OV-3 cells, respectively. (**C** and **D**) RT-PCR analysis of *Axin2* and *CCND1* mRNA expression in A2780 and SK-OV-3 cells, respectively. GAPDH mRNA was used to normalize the variability. (**E** and **F**) The distribution of β-catenin in A2780 and SK-OV-3 cells, respectively (×100 magnification). (**G** and **H**) The Wnt/β-catenin pathway associated molecules in EOC cells treated with DMSO vehicle, SB, salinomycin, salinomycin following SB treatment. The bars indicate mean ± SD. The significance of the difference was assessed by Student's *t*-test. ^\*^*P*≤0.05, ^&^*P*≤0.01 and ^\#^*P*≤0.001.\
**Abbreviations:** EOC, epithelial ovarian cancer; RT-PCR, reverse transcription polymerase chain reaction; DMSO, dimethyl sulfoxide; Ctr, control; Sal, salinomycin; SB, SB216763; SD, standard deviation.](ott-10-1317Fig4){#f4-ott-10-1317}

###### 

Primers used for real-time RT-PCR

  Gene         Forward, 5′--3′           Reverse, 5′--3′
  ------------ ------------------------- -------------------------
  E-cadherin   AAAGGCCCATTTCCTAAAAACCT   TGCGTTCTCTATCCAGAGGCT
  Vimentin     GGAGCGAGATCCCTCCAAAAT     GGCTGTTGTCATACTTCTCATGG
  Axin2        GGCGGAGGAGAACAAACAGA      CTTTGTCGTTGGTTAGCTGGT
  CCND1        TCAAGTGCAAACTTTCGCCAACC   TAGCCAGAACCTATGTGATAAGG
  GAPDH        GACGCCATCAACACCGAGTT      TGGCACAAGAGGCAACGA

**Abbreviation:** RT-PCR, reverse transcription polymerase chain reaction.
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